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Background: Mitigation of primary water stress corrosion cracking (PWSCC) is a significant
issue in the nuclear industry. Advanced nickel-based alloys with lower susceptibility have
been adopted, although they do not seem to be entirely immune from PWSCC during
normal operation. With regard to structural integrity assessments of the relevant com-
ponents, an accurate evaluation of crack growth rate (CGR) is important.
Methods: For the present study, the extended finite element method was adopted from
among diverse meshless methods because of its advantages in arbitrary crack analysis. A
user-subroutine based on the strain rate damage model was developed and incorporated
into the crack growth evaluation.
Results: The proposed method was verified by using the well-known Alloy 600 material with
a reference CGR curve. The analyzed CGR curve of the alternative Alloy 690 material was
then newly estimated by applying the proven method over a practical range of stress in-
tensity factors.
Conclusion: Reliable CGR curves were obtained without complex environmental facilities or
a high degree of experimental effort. The proposed method may be used to assess the
PWSCC resistance of nuclear components subjected to high residual stresses such as those
resulting from dissimilar metal welding parts.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Primary water stress corrosion cracking (PWSCC) is an
intergranular cracking mechanism in which cracks form in. Chang).
d under the terms of the
ich permits unrestricted
cited.
sevier Korea LLC on behasusceptible materials under corrosive environmental and
high tensile stress conditions. Because PWSCC was not
properly considered in vintage pressurized water reactors
(PWRs), the nickel-based Alloy 600 was adopted as theCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
lf of Korean Nuclear Society.
Fig. 1 e Heaviside and crack tip enrichment functions.
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components because of its good general corrosion resistance
and mechanical characteristics. However, for the past 30
years, PWSCC has been continuously reported in diverse
major components and associated welds such as stream
generator tubes, pressurizer instruments, and dissimilar
metal welding regions of the control rod driving mechanism
(CRDM) head penetration nozzles, and bottom mounted in-
strument penetrations [1]. Primary water stress corrosion
cracking causes serious economic losses as a result of
downtime and replacement. Alloy 690 with its high chro-
mium content has been selected as an alternative material
to Alloy 600 in PWR.
As-received Alloy 690 has a much lower crack growth rate
(CGR; less than 1  109 mm/s), compared to Alloy 600. How-
ever, Alloy 690 reportedly is not entirely immune to PWSCC
under certain conditions that are caused by welding or cold
work (CW) processes. Much ongoing research is accordingly
being conducted to evaluate accurate CGRs of nickel-based
alloys in PWR environments [2e5]. However, the application
of experimental test methods requires the preparation of a
complex environmental facility and time-consuming efforts
for up to several years. Furthermore, the experimental results
that have been obtained from the round-robin tests on Alloy
690 show an order of magnitude difference between partici-
pating laboratories [6].
To resolve the aforementioned problems, several
analytical and numerical methods have been applied to
evaluate the resistance to PWSCC of structural materials
used in nuclear power plants. Advanced finite element (FE)
analysis techniques have been deployed that simulate
various aspects of crack progression. These methods assess
stress at a certain distance ahead of the crack tip, critical
crack tip opening displacement, crack length versus time,
virtual crack closure technique (VCCT), and enhanced VCCT.
Despite these analytical advances many difficulties remain
in taking into account the arbitrariness of the crack growth
phenomenon. Therefore, for greater accuracy and efficiency
in crack growth modeling, the extended finite element
method (XFEM) [7] was adopted in this study because it al-
lows for the presence of cracks in related elements through
an additional degree of freedom (DOF) with special enrich-
ment functions.
To evaluate the CGRs of nickel-based alloys, the PWSCC
assessment model introduced by Garud and McIlee [8],
which is based on the strain rate damage model (SRDM), is
also employed as a constitutive equation by using a user-
subroutine to define damage occurrence in the enriched el-
ements. The fundamental concept of the SRDM is based on a
local film-rupture model. The proposed method is verified
for a well-known Alloy 600 material a reference CGR curve
which has been demonstrated regarding to temperature and
stress-dependent parameters. The PWSCC assessment for
Alloy 690 is subsequently performed with associated pa-
rameters determined by an iterative trial-and-error process
under a typical stress intensity factor (SIF) condition with
available experimental data [6], and is used to develop an
estimated CGR curve of Alloy 690, based on the proposed
method.2. Development of the PWSCC assessment
method
2.1. Brief review of XFEM
ConventionalFEmethodshavehighcomputational costs owing
to the extremely fine meshes needed in the regions around
discontinuities such asnotches and cracks. Several approaches
that combine FE and analytical methods have been adopted in
an attempt to overcome these problems. For instance, the
remeshing technique, which updates an original mesh at each
time step is widely used for crack growth analyses, and the
traction-separation laware frequently adopted to capture rapid
changes in material properties instead of conventional stress-
strain relationships. However, the precedents in these ap-
proaches result in loss of accuracy during the mapping of the
stress distribution from the old mesh to new mesh, and are
disadvantageous in modeling arbitrary crack growth.
To reduce the effort of remeshing on crack propagation,
XFEM was introduced by Belytschko and Black [7] using an
enriched finite element approximation. It was improved by
Mo€es et al [9,10]. For fracture analysis using the XFEM, two sets
of special enrichment functions have been used to define the
presence of discontinuity based on the concept of partition of
unity [11]. The enrichment functions typically consist of a
heaviside function for representing the displacement across
the crack surfaces and a trigonal metric function for the crack
tip singularity. The approximation for a displacement vector
function is given by the following equations and schemati-
cally depicted in Fig. 1.
Displacement vector function:
u ¼
XN
I
NIðxÞ
"
uI þHðxÞaI þ
X4
a¼1
FaðxÞbaI
#
(1)
Heaviside enrichment function:
Fig. 2 e Flowchart of the user-subroutine for the primary
water stress corrosion cracking assessment. SDV,
solution-dependent variable.
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Crack tip enrichment function:
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(3)Fig. 3 e Schematics of the ½T-Cin which NI(x) is the standard nodal shape function; uI is the
nodal displacement vector; x* is the Gauss integration point; x
is the nearest point from x*; and aI and baI are the nodal-
enriched DOF vectors of the discontinuous crack line func-
tion and the asymptotic crack tip, respectively.
A level set method, which is a numerical technique for
analyzing interface motion, can be used for crack evaluation
using the XFEM. Crack geometry is defined by two signed
distance functions, F and J, introduced by Stolarska et al
[12]. The first normal function, F, describes the crack surface
and the second tangential function, J, is used to describe an
orthogonal surface to assign the crack tip. It can be identified
by an intersection of normal and tangential zero level set
functions. The function of F has a positive value above the
crack surface and a negative value below the crack. The
function of J has a positive value to the right of normal at
crack tip. The arbitrary crack analysis is now possible by fast
matching the level set method to related enriched elements
taking into account the crack propagation.2.2. The PWSCC assessment model
Modeling of a crack in the framework of XFEM is simulta-
neously performedwith the cohesive segmentsmethod or the
VCCT, based on the traction-separation law or critical strain
energy release rate [13]. Furthermore, there are three stress-
based and three strain-based damage initiation criteria that
can be used to simulate crack initiation and propagation along
an arbitrary and solution-dependent path in the structural
material without the requirement of a pre-existing crack.
However, it is still difficult to reflect the PWSCC phenomenon
because the initiation of a crack caused by the PWSCC is
closely related to the time to rupture. Therefore, it is necessary
to employ a specific PWSCC assessment model for repre-
senting the relationship between the initiation of a crack and
the time to rupture.T specimen. Dia., diameter.
Fig. 4 e Three-dimensional finite element model of the ½T-CT specimen.
Table 2 e Analysis conditions.
Material Case no. Stress intensity
factor (MPa
ﬃﬃﬃﬃﬃ
m
p
)
Applied
load (N)
Alloy 600 1-1 10 2,010
1-2 15 3,015
1-3 20 4,020
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cracking has not been conducted to date, so that several
empirical models have been developed to establish the cor-
relation between PWSCC susceptibility and representative
mechanical properties. In the present study, the SRDM,
derived from a series of constant extension rate tests and slow
strain rate tensile tests, was employed as a constitutive
equation to assess the time to rupture. It has a fundamental
basis related to stress, temperature and microstructure, as
expressed in the following equations [14,15]:
Material-/environment-dependent parameter:
l ¼ ty
ln A
(4)
Stress-dependent model:
ti ¼ l$ln
h
A
sy
s
i
(5)
in which ti is the time to PWSCC initiation, l is the material-/
environment-dependent parameter, A is the ratio of ultimate
to yield strength, sy is the material yield strength at room
temperature, s is the effective tensile strength and ty is the
failure time under yield stress. In A previous study [14], the
stress-dependent model depicted in Eq. (5) properly described
the SRDMprediction for CRDMmaterial conditions at a typical
operation temperature.
For the supplement of temperature effects within the
stress-dependent model, l is changed into a simple Arrhenius
relation because the parameter A is distinctly derived from
the basic mechanical properties. The modified parameter l
and the simplified PWSCC assessmentmodel are expressed as
the below equations:Table 1 e Mechanical properties at the operating
temperature [18].
Material Elastic
modulus
(GPa)
Poisson's
ratio
Yield
strength
(MPa)
Tensile
strength
(MPa)
Alloy 600 198 0.30 224 594
Alloy 690 190 0.31 231 627Temperature-dependent parameter:
l ¼ ai$exp

Qi
RT
	
(6)
The simplified PWSCC assessment model:
ti ¼ ai$exp

Qi
RT
	
$ln
h
A
sy
s
i
(7)
in which ai is the PWSCC resistance parameter, Qi is the
apparent activation energy, T is the absolute temperature, and
R is the universal gas constant. The combination of these
parameters relates to the substantial interaction of the local
deformation, and environments such as a solution's pH,
corrosion susceptibility, and the thermal properties of the
material.
Furthermore, advancedmodifications introduced by Garud
and Ilevbare [16] are related to the CW and threshold stress
parameter. Because the CW has many influences on material
characteristics such as microstructure, mechanical proper-
ties, deformation, residual stress and corrosion resistance, no
single parameter can be determined as the CW factor to assess
the PWSCC susceptibility. To estimate the influence of CW in1-4 25 5,030
1-5 30 6,040
1-6 35 7,040
1-7 40 8,050
Alloy 690 2-1 10 2,010
2-2 15 3,015
2-3 20 4,020
2-4 25 5,030
2-5 30 6,040
2-6 35 7,040
2-7 40 8,050
Table 3 e Input parameters for the primary water stress
corrosion cracking analyses [14,15].
Material ai (d) l (d) A Qi (cal/mol) R (cal/mol∙K)
Alloy 600 2.25E-20 1,522 1.74 65,000 1.98
Alloy 690 1.01E-43 32,025 2.26 130,000
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 9 5e9 0 6 899structural materials, a PWSCC initiationmodel in conjunction
with the CW has been introduced while taking into consid-
eration the threshold stress parameter by using the following
modified equation:
Modified PWSCC assessment model:
ti ¼ an$l$lnðAÞ$
ln

ðA zÞ=ssy  z
ln

Az
1z
 (8)
in which an is the CW-PWSCC resistance factor, l is the
environment-dependent material parameter related to the
Arrhenius dependence on temperature, and z is the threshold
stress model parameter. In the present study, the simplified
PWSCC assessment model was adopted because the aim was
to evaluate the intrinsic CGR curves of a compact tension (CT)
specimen.2.3. The crack growth assessment method
To incorporate progressive failure simulation and the afore-
mentioned PWSCC assessment model by using the XFEM, a
concept of accumulated damage was employed. Once the
form of ti is calculated from FE analysis, based on Eq. (7), then
incremental damage (DuD) is sequentially obtained at each
Gauss integration point. When the accumulated damage be-
comes unity, the failure occurs locally in an enriched element,
as in the following equation:
uD ¼
Z t
0
DuDdt ¼
Z t
0
dt
ti
(9)Fig. 5 e The typical crack shape of Alloy 600 in the middle plan
MPa
ﬃﬃﬃﬃﬃ
m
p
); (C) Case 1-3 (20MPa
ﬃﬃﬃﬃﬃ
m
p
); (D) Case 1-4 (25 MPa
ﬃﬃﬃﬃﬃ
m
p
); (E) C
(40 MPa
ﬃﬃﬃﬃﬃ
m
p
).To implement PWSCC assessment with the accumulated
damage as a constitutive equation, the subroutine that was
appropriate to specify a user-defined damage occurrence was
developed, as schematically presented in Fig. 2. Material
integration point information, which is calculated in FE
analysis, is passed into the user-subroutine by GETVRM util-
ity. The user-subroutine was then used to calculate the
damage accumulation, based on Eq. (9) with the solution-
dependent variable (SDV). When the accumulated damage
becomes unity, the failure occurs in an enriched element by
defining FINDEX and FNORMAL. The former is a vector used to
define the indices for all the failure mechanisms, and the
latter is an array used to define the normal to the fracture
plane in 3D or the line in 2D, for each failure mechanism.3. Verification and application
3.1. Numerical analyses
The FE analyses of a ½T-CT specimen under a particular
PWSCC environment with constant SIF conditions were per-
formed using the general purpose programABAQUS (Dassault
Systemes, Auburn Hills) [13]. A specimen with a 12.7-mm
thickness was fabricated in accordance with the experi-
mental conditions [6], as illustrated in Fig. 3. As shown in the
figure, grooves of 10% per side and a precrack length of 2 mm
in front of the notch were generated. Fig. 4 depicts the 3D FE
model which ismade of C3D8R, and has an 8-node linear brick
and reduced integration with an hourglass control element. It
was composed of 69,927 nodes and 63,220 elements. The nu-
merical analysismodel was refined to ensure convergence, for
which the mesh size of the notched region was fixed at
approximately 200 mm, while taking into account the detect-
able size of an actual crack and the computational cost. Dur-
ing the FE analyses, in accordance with actual experimental
conditions, the applied loads were set for each constant SIF,
based on the following equation [17].
KI ¼ P
B
ﬃﬃﬃﬃﬃ
W
p f
 a
W

(10)e at 30 MPa
ﬃﬃﬃﬃﬃ
m
p
. (A) Case 1-1 (10 MPa
ﬃﬃﬃﬃﬃ
m
p
); (B) Case 1-2 (15
ase 1-5 (30 MPa
ﬃﬃﬃﬃﬃ
m
p
); (F) Case 1-6 (35 MPa
ﬃﬃﬃﬃﬃ
m
p
); (G) Case 1-7
Fig. 6 e The primary water stress corrosion cracking assessment results of Alloy 600. CGR, crystal growth rate.
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Fig. 6 e (continued).
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thickness, and W is the width of the specimen.
3.2. Verification of the analyzed CGR curve for Alloy 600
The proposed method was applied to Alloy 600 and its results
were compared with the reference CGR curve which has been
sufficiently demonstrated in relation to temperature and
material-/environment-dependent parameters [5]. The me-
chanical properties at the operating temperature [18], the
details of analysis conditions, and input parameters are
summarized in Tables 1e3, respectively. Fig. 5 represents atypical stress contour and the crack shape in the middle
plane of the ½T-CT specimen, when the constant SIF is 30
MPa
ﬃﬃﬃﬃﬃ
m
p
, with a magnification factor of 20 for good visibility.
Furthermore, Fig. 6 depicts the PWSCC growth simulation
results that were obtained from seven constant SIF cases (i.e.,
10 MPa
ﬃﬃﬃﬃﬃ
m
p
, 15 MPa
ﬃﬃﬃﬃﬃ
m
p
, 2 MPa
ﬃﬃﬃﬃﬃ
m
p
0, 25 MPa
ﬃﬃﬃﬃﬃ
m
p
, 30 MPa
ﬃﬃﬃﬃﬃ
m
p
,
35 MPa
ﬃﬃﬃﬃﬃ
m
p
and 40 MPa
ﬃﬃﬃﬃﬃ
m
p
) for a 1-year analysis period. The
left-hand snapshots are y-directional tensile stress contours,
and the right-hand snapshots are the amount of crack
growth. Red indicates the crack shapes that grew from the
initial uniform crack, made available by the output variable
of status XFEM, which represents the status of an enriched
Fig. 7 e The verification result of the proposed method for
Alloy 600.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 9 5e9 0 6902element as “1” in red for the completely cracked element and
the noncracked element as “0” in white. Because of higher
stress triaxiality, PWSCC growth along the interior of the
material was much faster than in the region near the sur-
faces. From a conservative standpoint, the CGRs were
accordingly calculated by using the analysis results of each
case at the deepest point.
As described previously, the Electric Power Research
Institute (EPRI, Palo Alto, CA) has suggested a reference CGR
curve for Alloy 600 in the publicly available Materials Reli-
ability Program (MRP; EPRI) data [5]. It was modeled by an
Arrhenius-type equation using a SIF relationship with differ-
ences in temperature, as in the below equation.
_a ¼ exp

 Q
R

1
T
 1
Tref
	
aðK KthÞb (11)
in which _a is the CGR at temperature T, Q is the thermal
activation energy, R is the universal gas constant, T is the
absolute operating temperature at the location of the crack,
Tref is the absolute reference temperature, a is the crackFig. 8 e The typical crack shape of Alloy 690 in the middle plan
MPa
ﬃﬃﬃﬃﬃ
m
p
); (C) Case 2-3 (20 MPa
ﬃﬃﬃﬃﬃ
m
p
); (D) Case 2-4 (25 MPa
ﬃﬃﬃﬃﬃ
m
p
); (E)
(40 MPa
ﬃﬃﬃﬃﬃ
m
p
).growth amplitude, K is the crack tip SIF, Kth is the crack tip SIF
threshold and b is the exponent.
The CGR curve obtained from the present research was
compared with the reference CGR curve and was shown to
correspond to the 75th percentile level of the distribution in
the EPRI laboratory data on Alloy 600. Fig. 7 represents a
simultaneous plot of both alloys with 158 laboratory test data
sets [5] that were used to develop the reference CGR curve. As
shown in the figure, the analyzed CGR curve corresponds well
to the reference curve when the SIF values are greater than 15
MPa
ﬃﬃﬃﬃﬃ
m
p
; however there was a difference near the constant SIF
value of 10 MPa
ﬃﬃﬃﬃﬃ
m
p
. Based on the explanation provided by
EPRI, because there was no actual CGR data of Alloy 600 at
lower SIF values, the dependence of CGR on SIF in this region
has not been specifically verified. The proposed method was
consequently verified by comparing the analyzed CGR curve
with the corresponding reference CGR curve.3.3. Application of the proposed method for Alloy 690
The PWSCC growth assessment method, established in the
previous sections, was applied to estimate the CGR curve for
Alloy 690. The mechanical properties at operating tempera-
ture [18] and the details of the analysis conditions with input
parameters are summarized in Tables 1e3. Taking into ac-
count the higher corrosion-resistant characteristics of this
material, the analysis period was set to 30 times longer than
that of Alloy 600. In addition, because of the lack of informa-
tion on the temperature and material-/environment-depen-
dent parameters of Alloy 690, an iterative trial-and-error
process was adopted at a typical constant SIF condition. In
particular, 33 laboratory test data sets from previous studies
were investigated, and the value of 30 MPa
ﬃﬃﬃﬃﬃ
m
p
was deter-
mined as the typical constant SIF value taking into consider-
ation the quantity of data points. The associated CGR at 30
MPa
ﬃﬃﬃﬃﬃ
m
p
was approximately 1  109 mm/s at the 75th
percentile level of laboratory data [6].
Fig. 8 primarily depicts the crack shape of themiddle plane
of the ½T-CT specimen at constant SIF, 30MPa
ﬃﬃﬃﬃﬃ
m
p
, with a
magnification factor of 20 to sustain consistent visibility. Toe at 30 MPa
ﬃﬃﬃﬃﬃ
m
p
. (A) Case 2-1 (10 MPa
ﬃﬃﬃﬃﬃ
m
p
); (B) Case 2-2 (15
Case 2-5 (30 MPa
ﬃﬃﬃﬃﬃ
m
p
); (F) Case 2-6 (35 MPa
ﬃﬃﬃﬃﬃ
m
p
); (G) Case 2-7
Fig. 9 e The primary water stress corrosion cracking assessment results of Alloy 690.
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Fig. 9 e (continued).
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for each constant SIF (10MPa
ﬃﬃﬃﬃﬃ
m
p
, 15MPa
ﬃﬃﬃﬃﬃ
m
p
, 20MPa
ﬃﬃﬃﬃﬃ
m
p
,
25MPa
ﬃﬃﬃﬃﬃ
m
p
, 35MPa
ﬃﬃﬃﬃﬃ
m
p
, and 40MPa
ﬃﬃﬃﬃﬃ
m
p
) were performed as
shown in Fig. 9. Red represents the grown crack shapes, and
the growth along the interior of thematerial was faster than in
the region near the surfaces because of the triaxial stress
states. as with Alloy 600, the CGRs were calculated by using
the analyses results of each case at the deepest point. Fig. 10
depicts the analyzed CGR curve for Alloy 690 that was ob-
tained by the proposed method from 33 items of laboratory
test data [6]. To show the enhancement of the corrosion-
resistant characteristics in the figure, the reference curve of
Alloy 600 was provided for comparison.4. Discussion
The quantity of laboratory test data is insufficient to deter-
mine an accurate CGR curve for Alloy 690. To resolve this
problem, the XFEM was used for arbitrary crack growth
modeling for accuracy and efficiency. The PWSCC assessment
model, based on SRDM, was applied as a constitutive equation
to estimate the CGR curve for Alloy 690 by using a user-
subroutine. The proposed method was verified by comparing
the reference CGR curve of Alloy 600 within a 5% difference. A
similar assessment was subsequently performed for Alloy 690
for a practical range of stress intensity factors by employing
associated parameters that were obtained from an iterative
Fig. 10 e The analyzed crack growth rate curve for Alloy
690.
Nu c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 8 9 5e9 0 6 905trial-and-error process at a typical SIF. Therefore, the newCGR
curve of Alloy 690 was estimated in spite of there being only a
small quantity of available experimental data. A validity check
of the analyzed curve will be conducted when sufficient data
are gathered that is comparable to Alloy 600 in the near future.
It is anticipated that the proposed method will be applicable
for evaluating the PWSCC resistance of nuclear power plant
components subjected to high residual stresses such as those
produced by dissimilar metal welding parts, which would
reduce the need for complex environmental facilities and
experimental efforts.5. Conclusion
This study aimed to establish an efficient numerical method
to assess the crack growth of nickel-based alloys that have
only limited PWSCC-related information. The following key
findings were derived:
(1) A user-subroutine based on the SRDM was developed
and incorporated into the crack growth evaluation as a
constitutive equation to define damage occurrence
through the use of the XFEM, which has advantages
when applied to arbitrary crack analysis.
(2) The validity of the proposed method was confirmed by
comparing the analyzed CGR curve with a reference
curve. The CGR curve corresponded to the 75th percen-
tile level of the distribution in laboratory test data of
Alloy 600. The estimated results coincided well with the
corresponding reference results, especially at higher SIF
values within a 5% difference.
(3) The proposed method was applied to estimate the CGR
curve for Alloy 690. Even though there were limited
experimental data on this alternative material, a new
CGR curve was obtained from an iterative trial-and-
error process at a typical constant SIF condition.
(4) It is anticipated that the method can be expanded for
evaluating the PWSCC resistance of nuclear power plantcomponents subjected to high residual stresses, such as
those related to the presence of dissimilar metal weld-
ing parts, without the need for complex environmental
facilities and laborious experimental efforts.Conflicts of interest
All authors have no conflicts of interest to declare.
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